Aims
Identification of invasive and radionuclide imaging markers of coronary plaque vulnerability by a single, widely available non-invasive technique may provide the opportunity to identify vulnerable plaques and vulnerable patients in broad populations. Our aim was to assess whether radiomic analysis outperforms conventional assessment of coronary computed tomography angiography (CTA) images to identify invasive and radionuclide imaging markers of plaque vulnerability. 
Methods and results
We prospectively included patients who underwent coronary CTA, sodium-fluoride positron emission tomography (NaF 18 -PET), intravascular ultrasound (IVUS), and optical coherence tomography (OCT). We assessed seven conventional plaque features and calculated 935 radiomic parameters from CTA images. In total, 44 plaques of 25 patients were analysed. The best radiomic parameters significantly outperformed the best conventional CT parameters to identify attenuated plaque by IVUS [fractal box counting dimension of high attenuation voxels vs. non-calcified plaque volume, area under the curve (AUC): 0.72, confidence interval (CI): 0.65-0.78 vs. 0.59, CI: 0.57-0.62; P < 0.001], thin-cap fibroatheroma by OCT (fractal box counting dimension of high attenuation voxels vs. presence of low attenuation voxels, AUC: 0.80, CI: 0.72-0.88 vs. 0.66, CI: 0.58-0.73; P < 0.001), and NaF 18 -positivity (surface of high attenuation voxels vs. presence of two high-risk features, AUC: 0.87, CI: 0.82-0.91 vs. 0.65, CI: 0.64-0.66; P < 0.001). 
. Conclusion
Coronary CTA radiomics identified invasive and radionuclide imaging markers of plaque vulnerability with good to excellent diagnostic accuracy, significantly outperforming conventional quantitative and qualitative high-risk plaque features. Coronary CTA radiomics may provide a more accurate tool to identify vulnerable plaques compared with conventional methods. Further larger population studies are warranted. 
Introduction
Several imaging markers of plaque vulnerability have been linked to acute coronary events. 1, 2 Invasive imaging modalities, such as intravascular ultrasound (IVUS) and optical coherence tomography (OCT) are capable of depicting distinct morphologic markers of plaque vulnerability, which have been validated by histology and clinical investigations. [3] [4] [5] [6] Recently, sodium-fluoride positron emission tomography (NaF 18 -PET) has been introduced as a radionuclide imaging modality to identify inflammation and microcalcifications in coronary atherosclerotic plaques which are hallmarks of plaque vulnerability. 2, 7 It would be desirable to have a widely available non-invasive imaging modality, capable of identifying invasive, and/or radionuclide imaging markers of plaque vulnerability.
Coronary computed tomography angiography (CTA) is an established non-invasive imaging modality capable of depicting plaque morphology and composition. 8 However, visually detectable adverse plaque characteristics based on coronary CTA show only a modest correlation with IVUS, OCT, or NaF 18 -PET derived features. 9 CT datasets contain more information than what is comprehensible by visual inspection. 10 This extra information can be extracted using radiomics: the process of obtaining quantitative metrics from radiological images to create big-data datasets, where each lesion is characterized by hundreds of different parameters. 11 This technique has been shown to identify complex qualitative morphologies such as the napkin-ring sign on coronary CTA datasets with excellent diagnostic accuracy. 12 However, there is no information on whether coronary CTA derived radiomic features could identify invasive and radionuclide imaging markers. Identification of these imaging biomarkers non-invasively by a single, widely available non-invasive technique may provide an opportunity to identify vulnerable plaques and vulnerable patients in daily clinical practice. Therefore, we sought to assess whether coronary CTA radiomics could outperform conventional quantitative and qualitative markers of plaque vulnerability to identify invasive and radionuclide imaging markers of high-risk plaques described by IVUS, OCT, and NaF 18 -PET ( Figure 1 ).
Methods

Study population
Our patient population is a substudy of a previous investigation assessing the correlation between NaF 18 -PET activity and invasive imaging biomarkers of high-risk lesions. 9 The current study is a post hoc retrospective analysis of patients who have also undergone coronary CTA due to suspected coronary artery disease between March and October of 2015 within 90 days prior to invasive angiography. In total, 27 patients with at least one moderate (40-70%) stenosis on the proximal or mid-portion of any major coronary artery were included in our study. All patients underwent NaF 18 -PET and invasive coronary angiography. During the invasive procedure, both IVUS and OCT was performed. Two patients were excluded due to inadequate image quality of imaging procedures. Overall, 44 plaques of 25 patients using all four imaging modalities were investigated ( Figure 2 ). The study protocol was approved by the institutional review board and was in accordance with the Declaration of Helsinki. All patients provided written informed consent before enrolment (ClinicalTrials.gov Identifier: NCT02388412). The authors had full access to all the data in the study and take responsibility for its integrity and analysis. The analysis of each imaging modality was done by a single-experienced specialist from each core laboratory.
Qualitative coronary CTA analysis
Coronary CTA images were obtained in accordance with the Society of Cardiovascular Computed Tomography Guidelines, with a 64-detector row scanner platform (Somatom Definition; Siemens Medical Solutions, Forchheim, Germany). 13 The following conventional morphologic adverse plaque characteristics were reported by a core lab (Severance Cardiovascular Hospital, Seoul, Republic of Korea) blinded to all other results: low attenuation plaque (density < _30 HU), positive remodelling (remodelling index > _1.1), spotty calcification (density >130 HU and diameter <3 mm), and napkin-ring sign (ring-like attenuation pattern with peripheral high attenuation tissue surrounding a central lower attenuation area). 8, 14 Lesions with at least two of the four morphologic adverse plaque characteristics were regarded as two-feature positive high-risk plaque on coronary CTA. 9 Quantitative coronary CTA analysis Each coronary plaque was segmented blinded to other imaging modality results using a semi-automated software tool (QAngioCT Research Edition; Medis medical imaging systems bv, Leiden, The Netherlands) at a designated core laboratory (Semmelweis University, Budapest, Hungary). Lumen and vessel contours were manually adjusted if necessary. Using the segmented datasets, voxels containing plaque were exported as a DICOM image (QAngioCT 3D workbench, Medis medical imaging systems bv, Leiden, The Netherlands). Based on the Hounsfield units (HU) values, the volume of low attenuation non-calcified plaque (<30 HU), non-calcified plaque (30-130 HU), and calcified plaque volume (>130 HU) was calculated. 15, 16 
Radiomic coronary CTA analysis
Four different classes of radiomic features were used in our analysis. First-order statistics discard all spatial information and calculate parameters which describe different aspects of the distribution of HU values. Grey level co-occurrence matrices (GLCM) enumerate the frequency of similar value voxels co-occurring next to each other in the given lesion, while grey level run length matrices (GLRLM) describe how often a given number of similar value voxels are situated next to one another. 17, 18 For these calculations, similar value voxels need to be grouped together. This is done through discretization of HU values to a given number of bins. In our analysis, we discretized the lesions into 2, 8, 32 equally sized (range of values were equally wide) bins creating three replicas of the image. All GLCM and GLRLM metrics were calculated using all three types of binning. Geometry-based statistics were calculated on the original image, as well as each discretized component.
Radiomic features were analysed at a core facility (Semmelweis University, Budapest, Hungary). Overall 935 different radiomic parameters were calculated using the Radiomics Image Analysis (RIA) software package in the R environment. 19 Of these parameters, 44 were first-order statistics; 342 were statistics calculated from GLCM; 33 were statistics extracted from GLRLM, while 516 were geometrybased statistical parameters. 12 The median time to calculate all 935 parameters for each plaque was: 7.3 (range: 3.8-12.6) min.
NaF 18 -PET analysis
All patients underwent NaF 18 -PET before invasive angiography. Electrocardiography-gated NaF 18 -PET images were obtained using a dedicated PET/CT scanner (Biograph 40 TruePoint; Siemens Healthcare, Germany) 60 min after the injection of 3 MBq/kg of NaF 18 . Images were reconstructed in four frames and fused with the non-enhanced CT images. Diastolic phases (frames of 50-75% and 75-100% of the R-R intervals) were evaluated blinded to all other results at a core facility (Seoul National University Hospital-Nuclear Medicine, Seoul, Republic of Korea). Maximum standard uptake value was measured and corrected for blood pool activity measured in the inferior vena cava to provide tissue-to-background ratio measurements. The highest tissue-to-background ratio value measured on two diastolic-phase images was adopted for the final analysis. Plaques with NaF 18 uptakes higher than 25% were considered as NaF 18 -positive lesions. 2, 9 Invasive coronary angiography and intracoronary imaging Selective invasive coronary angiography was performed utilizing standard techniques. IVUS images were acquired according to the American College of Cardiology Clinical Expert Consensus Document on Standards for Acquisition, Measurement, and Reporting of Intravascular Ultrasound Studies. 20, 21 The presence of echo attenuation (hypoechoic plaque with deep ultrasound attenuation) was analysed blindly at a core lab (Seoul National University Hospital-CV Research Institute, Seoul, Republic of Korea). All OCT data were assessed blindly at a core laboratory for the presence of thin-cap fibroatheroma (TCFA). 9
Statistical analysis
Continuous variables are presented as medians and interquartile ranges, whereas categorical variables are reported as frequencies and percentages. Calculating diagnostic accuracy on the whole dataset, would be overly optimistic and ungeneralizable to other datasets. Therefore, we conducted a stratified five-fold cross-validation with 1000 repeats, which decreases the bias of overfitting and provides a robust estimate of the expected performance in real life. 22 A receiver operating characteristics (ROC) curve was calculated for each repeat resulting in overall 1000 ROC curves. These ROC curves were averaged to model the diagnostic performance on the whole population. Area under the curve (AUC) was calculated as an overall measure of diagnostic accuracy. To compare the diagnostic accuracy of conventional and radiomic coronary CTA features, we calculated the twosided Wilcoxon signed-rank test to compare the distribution of AUC values resulting from the repeated cross-validations. We calculated confidence intervals (CIs) as the 2.5 and 97.5 percentile of the AUC distribution resulting from the repeated cross-validations. All statistical calculations were done in the python environment using the Scikit-learn package. 23 
Results
Distribution of individual IVUS, OCT, and NaF 18 -PET imaging markers of plaque vulnerability
Overall, 44 plaques were analysed ( Table 1) ; 30/44 (68.2%) plaques showed attenuation on IVUS, 7/44 (15.9%) showed TCFA on OCT, discretizing to 32 equally sized bins) voxels showed the best diagnostic accuracy to identify attenuated plaques on IVUS (AUC: 0.72; CI: 0.65-0.78), whereas among the conventional CT metrics, noncalcified plaque volume showed the best discriminatory value (AUC: 0.59; CI: 0.57-0.62), P < 0.001 ( Figure 3 and Table 2 ).
Diagnostic accuracy of radiomic features to identify OCT-TCFA Figure 4 and Table 2 ).
Diagnostic accuracy of radiomic features to identify increased NaF 18 uptake
Overall, 30/935 (3.2%) of the radiomic parameters had AUC values between 0.80 and 0.89, 331/935 (35.4%) had values between 0.70 and 0.79 and 232/935 (24.8%) had values between 0.60 and 0.69 to identify NaF 18 -positivity. Out of the radiomic parameters, the surface of high attenuation (component 8 when discretizing to eight equally sized bins) voxels had the best diagnostic accuracy (AUC: 0.87; CI: 0.82-0.91), while the presence of two high-risk features on CTA had the best discriminatory power (AUC: 0.65; CI: 0.64-0.66) among conventional parameters to identify marked radionuclide uptake using NaF 18 -PET, P < 0.001 ( Figure 5 and Table 2 ). Representative volume rendered CT images of coronary plaques showing attenuation on IVUS, TCFA on OCT, and positivity on NaF 18 -PET can be found in Figure 6 .
Discussion
We demonstrated that radiomics can increase the diagnostic accuracy of coronary CTA to identify specific invasive and radionuclide imaging markers of plaque vulnerability. Coronary CTA radiomics showed a good diagnostic accuracy to identify IVUS-attenuated plaques and excellent diagnostic accuracy to identify OCT-TCFA and NaF 18 -positivity (AUC: 0.72, 0.80, and 0.87, respectively). Furthermore, radiomics outperformed conventional CT metrics to identify these invasive and radionuclide imaging markers (P < 0.001 all).
It seems that by utilizing radiomics, the amount of information accessible in CT images can be greatly increased. Radiological examinations are evaluated mostly by visual inspection in current clinical care. As opposed to this practice, in the current project, we treated radiological images as 3D datasets and extracted hundreds of quantitative parameters from coronary plaques. This strategy resulted in significantly better discriminatory power to identify invasive and radionuclide markers of plaque vulnerability. Radiomics utilizes texture and geometrical analysis to derive novel imaging biomarkers. By measuring how many times a given value voxel pairs occur next to each other, or how many times similar values occur next to each other in a given direction, probability matrices can be calculated which resemble the spatial distribution of the voxel values. The analysis of these matrices leads to new imaging biomarkers, such as heterogeneity, contrast, or spatial fragmentation. Based on our results, it seems that these parameters have a better discriminative capability to identify invasive and radionuclide markers of plaque vulnerability than visual inspection and conventional quantitative assessment.
Coronary CTA for many years was regarded as a rule-out test for obstructive coronary artery disease due to its excellent negative predictive value. 24, 25 However, its unique ability to non-invasively image atherosclerotic lesions holds great potential to identify high-risk plaques. With the newest guidelines promoting coronary CTA as the first-line test in the management of patients with stable chest pain, the number of examinations will further increase. 26 Therefore, the next challenge will be to correctly identify high-risk lesions to improve patient risk assessment. Invasive and radionuclide imaging techniques can identify high-risk lesions; however, their invasive nature and their costs preclude the use of these techniques in daily routine. While CT might not have sufficient spatial resolution, its capability to acquire isotropic 3D data non-invasively creates a unique opportunity to analyse complex spatial image patterns using radiomics.
Invasive imaging modalities with sub-millimetre spatial resolution allow the morphological assessment of coronary plaques. Specific IVUS and OCT imaging markers have been linked to histology and patient outcomes. Our results are in line with previous findings that conventional assessment of coronary CTA only allows identification of invasive imaging markers of plaque vulnerability with moderate accuracy. 27 However, in the current study, we showed that radiomic features significantly outperformed conventional metrics, therefore, potentially allowing the non-invasive identification of invasive imaging markers plaque vulnerability.
For both IVUS-attenuated plaque and OCT-TCFA fractal box counting dimension of high attenuation voxels had the highest AUC values. Attenuated plaques based on IVUS are resembled by a hypoechoic plaque area with low ultrasound attenuation indicating the presence of lipids. TCFA-s identified using OCT have a similar spatial pattern; however, the superior spatial resolution of OCT allows the assessment of fibrous-cap thickness, therefore, allowing the identification of TCFA. While the spatial resolution of state-of-the-art coronary CTA-s preclude the identification of the fibrous-cap, the large lipid pools of these lesions have low CT attenuation. As the low attenuation voxels of the lipid pools are situated in the central portion of the plaque, next to each other, the remaining higher attenuation voxels (relative to other voxel values in the plaque, but not necessarily representing calcification) are limited in number and occupy limited space. On the other hand, plaques that do not exhibit large lipid pools have more high attenuation voxels, which can occupy any position inside the plaque in a complex spatial pattern, which can be described using fractal dimensions. Fractal dimensions quantify the spatial complexity of structures. Fractal dimensions are calculated by magnifying the image and assessing how many voxels the given abnormality occupies in relation to the degree of zoom. 11 In case of plaques with large lipid pool, the high attenuation voxels are relatively few in number and have limited space to occupy. Therefore, these plaques have low value of fractal box counting dimension of high attenuation voxels. On the other hand, stable plaques, which do not restrict the spatial distribution of high attenuation voxels have higher values for this radiomic parameter. These characteristics might explain that the fractal box counting dimension of high attenuation voxels resulted a good discriminatory power to identify invasive markers of plaque vulnerability.
Even though coronary CTA is an anatomical imaging modality, it seems that radiomics can identify plaques with inflammation and microcalcifications identified using NaF 18 -PET (AUC = 0.87), both of which are currently regarded as undetectable using coronary CTA. Visual assessment might not be sufficient to distinguish these features. However, it was recently demonstrated that by using simple quantitative metrics it is indeed possible to quantify vascular inflammation using CT, which previously was thought impossible. 28 Importantly microscopic calcium formations are too small to be identified using conventional CTA techniques. However, it seems that radiomics can identify unique spatial patterns specific for sodium-fluoride uptake. Among the calculated radiomics parameters the surface of high attenuation voxels (relative to other voxel values in the plaque, but not necessarily voxel values above the calcification threshold) had the highest AUC value to identify increased radionuclide uptake. Even though the spatial resolution of CTA images precludes the identification of microcalcifications, voxels containing microcalcifications may have higher HU values. Furthermore, these high CT number voxels have large surfaces, since they are not grouped in one cluster as opposed to calcified plaques, which also contain high attenuation voxels but overall have smaller surfaces since the voxels are next to each other. These characteristics may have resulted in the excellent diagnostic accuracy of surface of high attenuation voxels to identify increased radionuclide uptake. As there are no plaques showing both invasive and radionuclide imaging markers of plaque vulnerability, the capability of coronary CTA radiomics to identify NaF 18 -positive is independent of its ability to identify morphologic vulnerability.
A limitation of our study is the relatively small sample size, which might lead to overly optimistic diagnostic results. However, considering that four different imaging techniques were utilized in all patients, we believe that our patient cohort is unique and the sample size is reasonable. To compensate for the limited sample size, we calculated all diagnostic scores using a five-fold cross-validation with 1000 repeats. This technique explicitly simulates the population's AUC value of each parameter and provides a robust estimate of diagnostic accuracy. Furthermore, our results are based on a single centre study setting where the results were analysed in a core lab. Therefore, the application of our results to general populations is limited as studies have shown that image acquisition, reconstruction, and analysis may have a significant effect on the reproducibility of radiomic features. [29] [30] [31] [32] However, further investigations are necessary for radiomics to be applicable to clinical care. Larger sample size prospective studies are needed, where the number of patients would allow to build multiparametric machine learning models, which could robustly identify imaging markers of plaque vulnerability. Furthermore, multi-centre longitudinal studies are warranted to assess the prognostic value of radiomic image markers.
In conclusion, our results suggest that radiomics may be able to identify invasive and radionuclide imaging markers of plaque Radiomics to identify plaque vulnerability
